Starting from an unprotected GlcNAc acceptor, after first random glycosylation and deprotection, and second random glycosylation, deprotection, and purification, we were able to obtain a trisaccharide library containing 36 α-linked trisaccharide library. These compounds were characterized by 1D, 2D NMR and mass spectra. The library was used as the starting material for enzymatic reaction to obtain a tetrasaccharide in support of the results. Based on this method, a trisaccharide library containing 15 α-linked trisaccharides was synthesized.
Glycoconjugates play an important role in cellular recognition, adhesion, cell-growth regulation, cancer cell metastasis, and inflammation. 1, 2 The carbohydrates on the cell surface serve as anchor sites for infectious bacteria, viruses, and toxins. 3 Therefore, synthesis of novel carbohydrates and their screening against disease causing agents may help in finding the inhibitors of some critical pathogenic processes. However, chemical synthesis of carbohydrates is laborious, time consuming, and technically demanding. 4 There is a large scope to find more efficient methods for generating the oligosaccharide libraries.
Random glycosylation strategy was demonstrated as an excellent combinatorial synthetic method for generating oligosaccharide library. 5, 6 This strategy eliminated the need for numerous synthetic steps to construct orthogonally protected sugar building blocks and reduced both the time and the cost of synthesis. For example, a trisaccharide library was obtained (Scheme 1) from random fucosylation of per-O-benzylated fucosyl trichloroacetimidate 1 on the unprotected disaccharide acceptor 2. The library was found to have all possible 6 α-linked trisaccharides with minor amounts of β-fucosylated compounds. 7 It is interesting to note that all 6 regio-isomers in the above library were obtained in almost equimolar amounts without any selectivity either for primary or secondary hydroxyls of disaccharide acceptor. This suggests that under the reaction conditions used, all of the hydroxyl groups in compound 2 have similar reactivity. Furthermore, a random galactosylation of per-O-acetyl galactosyl imidate 3 on an unprotected GlcNAc acceptor 4 generated 6 possible disaccharides with α and β linkages, 8 and a random glycosylation of galactosamine related donor 5 on unprotected GlcNAc acceptor 4 gave all 3 possible β-linked GalNAc-GlcNAc disaccharides with excellent ratio. 9 In continuation of our interest in random glycosylation, we have been interested to double this method in the synthesis of complex libraries of oligosaccharides. We believe that this double random glycosylation will allow us to synthesize more complex oligosaccharide libraries in an efficient manner. In this communication, we report our findings on the synthesis of oligosaccharide libraries through double random glycosylations.
Results and Discussion
The target library we like to synthesize through double random glycosylation strategy was listed in Figure 1 , and its synthetic strategy was summarized in Scheme 2.
Accordingly, synthesis of the target library started from the unprotected GlcNAc acceptor 4 in which its hydrophobic and UV active aglycon facilitates the purification of final library products by C-18 column or high-performance liquid chromatography (HPLC).
Compound 4 was treated with the per-O-acetyl galactosyl imidate 3 by using the literature reported procedure. 8 After deacetylation and purification, the known disaccharide library containing 6 disaccharides with α and β configurations was obtained. This mixture was then used for second random glycosylation. Thus, the mixture was treated with 4 equivalents of compound 1 in DMF in the presence of BF 3 ·Et 2 O based on the literature reported procedure 7 to give the double random glycosylation products. After work up, the mixture was carefully purified on a silica gel column (monitored by liquid chromatography-mass spectrometry [LC-MS] technique). Fractions containing the trisaccharides were combined and hydrogenated in methanol in the presence of Pd/C. After filtration through celite and evaporation, the residue was purified on C-18 column to give the double random glycosylation products in 25% overall yield. The mass spectrum of the library confirmed the formation of desired trisaccharides.
Theoretically, the mixture should contain 36 α-linked fucosylated trisaccharides, and its 1D proton nuclear magnetic resonance (NMR) spectrum was very complex and could not derive any positive information to support the results (as shown in Supplemental Figures S-1 and S-2).
However, its 2D NMR spectra (Figures 2 and 3 ) were more forthcoming in delineating the results. Thus, 36 peaks were observed from 5.4 to 4.7 ppm, which correspond to H-1 in fucosyl unit in trisaccharides; the peaks from 2.1 to 2.9 ppm, correspond to H-5 protons in fucosyl unit which unequivocally confirm the formation of desired fucosylated trisaccharides. A further confirmation of this library could be drawn from the selective enzymatic galactosylation. Accordingly, the mixture having 6 trisaccharides containing 2-α-fucosyl galactosyl fragment acts as the galactosylation acceptor for enzymatic α-galactosylation with UDP-gal in the presence of blood B transferase. Thus, the double random glycosylation products in 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 7.0) was treated with recombinant blood B α-1,3-galactosyltransferase in the presence of 5 µmol of UDP-Gal and 5 µmol of MnCl 2 at 37°C. After 24 hours incubation, more enzyme and UDP-Gal were added, and the mixture was incubated for another 24 hours. The mixture was then purified on C-18 column to give the enzymatic α-galactosylation products. The mass spectrum of this mixture indicated the formation of tetrasaccharides (Scheme 3).
The comparison of HPLC chromatograms of the starting materials (Figure 4) with that of the enzymatic reaction mixture is given in Figure 5 . A critical analysis of the chromatograms clearly reveals that 6 additional compounds were formed during the enzymatic reaction. However, it was extremely hard to isolate all of 6 tetrasaccharides through C-18 column or HPLC due to the small percentages of the tetrasaccharides. Based on the HPLC chromatogram of the enzymatic products, it is to be observed that one of the compounds was relatively in higher percentage in comparison to others. Therefore, through repeated C-18 column purification, we were able to obtain a compound whose mass spectrum confirmed that it was a tetrasaccharide, and its proton NMR spectrum ( Figure 6 It is very gratifying to note the successful completion of design and execution of target double random glycosylation library. As an extension of this approach, we used this strategy for the synthesis of another oligosaccharide library. Thus, GalNAc-GlcNAc related trisaccharide library was designed and synthesized through double random glycosylation strategy as shown in Scheme 4.
Thus, the unprotected GlcNAc acceptor 4 was reacted with per-O-acetyl 2-deoxy-2-amino N-phthaloyl-d-galactosyl imidate 5 by using the literature reported condition. 8 After deprotection, N-acetylation, and purification, the β-linked GalNAc-GlcNAc disaccharide library was obtained. The products were dissolved into dry DMF; 4 equivalents compound 1 and powdered dry CaSO 4 were added. After stirring for 2 hours at room temperature under nitrogen, BF 3 ·Et 2 O in dry dichloromethane was added, and the mixture was stirred at room temperature for additional 10 hours. Few drops of triethylamine were added to quench the reaction, and the solvent was removed under reduced pressure. The residue was purified on a silica gel column eluted with dichloromethane and methanol, and the elution was monitored by LC-MS. The fractions containing the trisaccharides were combined and hydrogenated in the mixture of methanol and acetic acid (5:1) in the presence of Pd/C. When the proton NMR showed the completion of the hydrogenation, the mixture was filtered through celite and concentrated. The residue was purified on a C-18 column to provide the trisaccharide library in overall 24% yield. The mass spectrum indicated that the mixture had the desired trisaccharides, and the proton NMR spectra are shown in Figure 7 
Conclusion
In conclusion, a novel double random glycosylation strategy is developed for efficient synthesis of complex oligosaccharide library. Gratifyingly, the results were confirmed by a combination of NMR and mass spectral studies followed by enzymatic α-galactosylation. We believe that the double random glycosylation strategy described here is thus far the most efficient method for the synthesis of complex oligosaccharide libraries. 
Experimental Part

Double Random Glycosylation Procedure
To a solution of disaccharide library from single random glycosylation in dry DMF was added powdered dry CaSO 4 and 4 equivalents of 2,3,4-tri-O-benzyl fucosyl imidate (1). The reaction mixture was stirred for 2 hours at room temperature under nitrogen, and then 1 equivalent of BF 3 ·Et 2 O in dry dichloromethane was added. The mixture was stirred additionally at room temperature for 10 hours, few drops of triethylamine were added to quench the reaction, and the solvent was removed under reduced pressure. The residue was purified on a silica gel column (eluted with dichloromethane and methanol). The trisaccharide fractions were combined and hydrogenated in the mixture of methanol and acetic acid (5:1) in the presence of Pd/C (monitored by proton NMR for completion). The mixture was filtered through celite, concentrated, and purified on a C-18 column to provide the trisaccharide library in 50% yield (based on the conversion of the disaccharide library). 
Enzymatic Reaction Procedure
The solution of trisaccharide library (10 mg) in MES buffer (pH 7.0) was treated with recombinant rat liver α-1,3-galactosyltransferase in the presence of 5 µmol of UDP-Gal and 5 µmol of MnCl 2 at 37°C. After 24 hours incubation, more enzyme and UDP-Gal were added, and the mixture was incubated for another 24 hours. After work up, the reaction mixture was purified on C-18 column to give the products. After purifications on silica gel column and C-18 column, 1 tetrasaccharide was obtained. 1 
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